
THE SIGNIFICANCE OF THE "MERCURINIUM ION" 
IN OXYMERCURATION1 

BY A. G. BIIOOK AND GEOIIGE F WIII(;IIT 

Abstract 
The complex fornlcd by mercuric nitrate with cyclohcsene scerns not to 

resemhle similar argentous, cicprous, and platinous salt complcscs, since it i s  
.: .stabilized by nitric acid while they are decomposed by acidic rncdia. Further- 

more, the cyclohescne - rncrcuric nitrate - nitric acid system is not stable as 
are the orhers in absence of air but deco~nposes to yield two equivalents of mer- 
curous salt and o11e equivalent of forrnylcyclopentane. One or both of these 
products are prcsumed to be the material which earlier worlcers by iniplication 
defined as I-hydrosy-2-nitratomerc~~ricylohexane. I t  has  IIO\V been found that  
this product- co~cld not have been formcd under the rcaction conditions used by 
these earlier workers. Finally the soluhilization 6E cyclohexcr~e in aqueous 
mercuric nitrate, on which thc earlier workers based their conccpt of an alkene- 
merc~~rinium ion, does not have its counterpart in the sol~~hilization of cyclo- 
hexene in aqueous mercurlc acetate, since the rate of solution in the latter case 
is not faster than the rate of hydroxyrnercuration. 111 consecluence there is no 

- 

present evidence that such an ion is involved in orymercuntion of alkencs. 

On th-e basis of thcir studies o f .  the system : mercuric nitrate - nitric acid - 
water - cyclohexene, Lucas, Hepner, and,  Winstein (7) have concluded that a 
mercuriniunl ion (I)  and/or a ,hydroxymercuriniurn ion (11) is present in this 

/\ 

or ' , I \/ ] +  No3- 

Furthermore they consider these ions are functional in the reaction known a s  
oxymercuration. 

. These authors have arrived a t  this conclusion on the basis of an elaborate 
quantitative phase distribution study in which they made various adjustments 
because of "secondary reactions" tha t  were especially prominent a t  low acid 
concentrations. They did not evaluate these "secondary effccts" qualitatively 
but enumerated them as  follows: 

1. Overla period of time the apparent mercury concentration, determined 
by thiocyanate titration, decreased a few per cent per hour a t  the s tar t  and 
some 27% in 13 hr. 

'2. Over a period of time the apparent amount of unsaturation is within 
experimental error of the theoretical for about one and  one-half hours and;then 

1 Manuscript received Novetnber 2,. 1950. 
Contribution from tlte Department of Chemistry, University of Toronto, Toro?alo, Ont. 
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increases a t  an accelerating rate so that it is some 3% high after three hours 
and some 40% lligll after 17 hr. The unsat~~rat ion was determined by bromide- 
bromate titration as presumptive for cyclohexene. 

3. Acidity increasctl with time. 

4. After a time a solid separated from the mixture, especially a t  low acid 
concentrations. They considerecl that this material was probabl3. l-hydroxy- 
cyclohexane-2-mercuric salt (IV) which was derived via the n~e rcu r in i~~m ion 
I or 11. 

Hydroxymercurials of cyclohexane (IV) have recently been prepared by us 
from cyclohexene (3). On the basis of observed second-order ltinetics, stereo- 
chemical considerations, and the observation that methoxymercuration is 
faster than hydroxymercuration the ionic intermediate of Lucas, Hepner, and 
Winstein was consiclered less plausible as a mechanistic esplanation than an  , 
intermediate molecular coordination complex (111) of cyclohexene with basic 
mercuric acetate. 

r 1 

In view of this difference of opinion it seemed worthwhile to examine whether 
1-hydroxy-2-nitratomercuricyclohexane (IV, X =" NOj) would be stable in the 
environment where the rnercurinium ion is supposed to exist. 

Since casy interchangeability of X in the -HgX.substit~~ent is characteristic 
of oxymercurials such as IV, it  was unnecessary to preparc l-hydroxy-2- 
nitratomercuricyclol~cxane. The known I-hydroxy-2-acctoxymercuricyclo- 
hexane was added instead to solutions of nitric acid in water. The concen- 
tration range of 0.0-1-0.55 mole per liter used by Lucas, Hcpner, and Winstein 
was examined. After a few minutes the homogeneous solutions were poured 
into aqueous sodium chloride solutions from which the analogous chloro- 
mercurial (IV, X = C1) would be precipitated almost quantitatively (3). In  
every case when nitric acid was present the odor of cyclohexene was apparent, 
thus indicating decomposition of the oxymercurial. The results in Table I show 

I that the mercurial could not have been formed in appreciable amount under 
: these reaction conditions. 
I Thus hydroxymercuration with mercuric nitrate is not a significant reaction 
/ in water. However, jt is interesting to note that methoxymercuration of cyclo- 
i *hexene-may be accomplished with mercuric nitrate in methanol to give an  80% 
/ yield of I-methoxy-2-chloromercuricyclohexane after the initial product is  
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have not bccn cffccted in water solution. On tlic other hand, Tifieneau (10) 
has touncl that 2-iodocyclohexanol on treatn~ent  with silver nitrate is con- 
vcrted to forrnylc~iclopentane. Although he does not define his ~.eaction con- 

xed approximately by tlic fact that he obtained cyclohexyl 
ith c~iclohexene) by treatment of c)-clohesyl iodide witli 

silver nitrate. 

Since Tiffeneau's rearrangement thus seemed to proceed ttzrough the nitrate 
ester we havc prepared the mono- and di-nitrate esters of dd, 11-1, 2-cyclo- 
hexandiol, but find that neither of these shows any tendency to rcarrangc to  
forniylcyclopcntane. We have as yet been u~is~~cccssful in our attempts to 
esterify dl, Id-1, 2-cyclohexanediol witli mixkd nitric-phosphoric acid. 

Discussion 

tent to. which the oxidation reaction occurs with tlie re- 
s used by Lucas, Hepner, and Winstein one may inquire 

d equilibrium ratios ( K E )  should have been sufficiently 
e able 'to average 2 j3  of their results instead of extra- 

. Inspection of their eq~lation, simplified by  the fact that  
cyclohexene is almost insoluble in water, 

Conc. CGH~O - in aqueous phase 

Cone. CcHlo in CC14 [initial conc. Hg- conc. CBHluin aq. phase] 

ws, however, that  it is a function only of the relative conccntrations of 
lohexcnc~ in the two phases. The oxidation reaction may be cxpresscd b y  

C,jHlo+ 2Hg(N03)2+ Hz0 ---+ CsI-I,,O + 2HgNOaf 2IHiXO3 

it is evident by actu.al inspection of the reaction mixture without carbon 
hloride that  cyclohexene forms a complex with mercuric nitrate in the 

dependhg on the initial concentration of the mercuric 
and Winstein assigned 20 min. for this cstablishment of 

e-two phases. During this time, and subsequently, the 
ueous phase would be consumed, but this would not be 
with bromide-bromatc because the formation of 2 mole- 
itrate would compensate equivalently for the loss of 
ating transfer of cycloliexene from the nonaqueous layer 

be minimized by the consumption of mercuric nitrate with which it 
otherwise form a complex in the aqueous solution.Fortuitous constancy 

ed. However, KE eventually would deciease because 
ption of mercuric nitrate a t  twice the rate for that of cyclohexene would 
e tlie am'ount of initial complcx and thus redistribute the cyclohexene 
e nonaqueous phase. 

results, Lucas, Hepner, and Winstein have defined the 
rising mercuric nitrate, nitric acid, and cyclohexene'as a rner- 

none of the criteria for authentic ions (electrolytic 

. . 
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1 migration, abiiorinal depression of freezing poitit, etc.) \yere applied. Pcrhaps 
I the>- clicl not mean an ion in the cominonly accepted chemical sense, but rather 
, a clipolar salt. However, they do consider the absorption of cyclohexene by 
I aqueous mcrcr~ric nitrate as ailalogous with that of aqueous silver nitrate 

(7, p. 3102; 13) and presumably, with alkeue-platinous halide (1, 5 ,  6, 9) anel 
with alkene-cuprous halidc complexes (8). But these complexes all have one 
common characteristic which would, indeed, seem necess;ry for complex cation 
formation: the complex forms with the lower valence state of the clement. 
Thus olcfins reversibly form conlplexes in neutral aqueous solution with argen- 

I tous but not with argentic salts, with cuprous but not with cupric salts, and 
I 
, with platino~ls hut not with platinic salts. One might then expect mercurous 

but not mercuric salts (since no higher valence is known) to form complexes 
with olefins. -4ctually undissociated compleses of alkenes with neutral mer- 
curous salts have been observed (I). 

1 Another significant difference between the argentous, cuprous, and platinous- 
, alkene con~plexes and the mercuric nitrate - cyclohexene complex is found in 
I the behavior toward acids. Although the former tend to decompose as the 

concentration of tile acid is increased, the formation of the mercuric nitrate - 
alkene coniplex is enhanced by addition of nitric acid. Assuming that the acid , 
is functioning to prevent the hydrolysis of nlercuric nitrate, it is reasonable to 

, assume that coordination occurs with the nitrato group. Decomposition of the 
1 resulting complex in presence of excess mercuric nitrate would result in the 

reaction products which have been isolated if the organic fragment were to 
rearrange to forn~ylcyclopentane. 

HaN03 Z H E N O ~  

The nitrato group m~is t  he i~lvolved specifically in both the solubilization 
and oxidation process, since a 0.16 molar solution of nlercuric chloride in 0.16 
molar hydrochloric acid will not absorb a detectable amount of cyclohexene. 
.This situation is unaltered when the acid concentration is increased tenfold or 
decreased to zero, although in the latter case the concentration of mercuric salt 
must be decreased in order to prevent its partial precipitation. This failure of 
mercuric chloride to form a complex with cyclohexene might be thought by 
some to be owing to its low degree of ionization. However, no such difficulty 
is encountered in coijrdinaiion of mercuric chloride with tertiary amines, nor 
does the limited ioilization of cuRrous chloride prevent the mutual solubili- 
zation of the solid salt and the alkcnc in water (8j. 

, . 
i The significance of the cyclohexene - mercuric nitrate - nitric acid complex, 

1 whether or not it be considered as a mercurinium ion, in osymercuration is 
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uccd under conditions favorable for the complex. Secondly in a system such 
as  cyclohcxcne - mercuric acetate - watcr, where hydrosyrnercu.ration occurs 
almost quantitatively, there is no eviclcnce for an intermediate co~nplex con- 

e hydrosyalkank-mercurial, but  this seems not 

Thus visible evidence for the formation of the c 
nitrate - nitric acid complex is provided by the sol~~biliza 
he aqueous phase. If disappearance of the nonaque 
riterion, the formation .of 1-hydroxl--2-aceto?;ymercur 

e seco~ld  phase disappears whe~l  0.1 mole of a c e t ~  

hen both reaction systems 

curic acetate - water 

h a t  basic mercuric acetate reacts di 
lkaneinercurial, since thc conceitr 
ence of acid. Furthermore it is impro 

n of the oxyrnercuria 

ce that an alken 
osidation reaction 

pt during rate studi 

yntercz~ricyclohexane in 
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(Table I) and the whole made up to 10 ml. volume with water. The  compound 
dissolved after shaking for one m i n ~ ~ t e .  After 10 min. the whole was poured 
into clilute aqueous sodium chloride. The I-hydroxy-2-chloromercuricyclo- 
hesane was filtered, dried, and k ighed .  I n  one experiment s o d i ~ ~ n ~  nitrate was 
acldecl to effect conversion to the nitratornercuri compound. 

ilIethoxymercz~ration of CycIohexelze with ilfercuric Nitrate 

I Experiments 1, 2, and 3 were carried out with 0.015 inole merc~~r ic  nitrate 
and 0.02 mole cyclolzexene in methanol-water volumes of 50: 0 ;  25: 25, and 

I 5: 15 ml. respectively. A trace of nitric acid was added as  catalyst. The times 
1 after which no mercuric oxide was precipitated by alkaline treatment of a test 

portion were respectively six, three, and nine minutes. The  yields after 15 min. 
(80, 70, and 10yo respectively) were estimated from the precipitate of trnns-l- 
nlethoxy-2-chloromercuricyclohexane obtained by pouring the reaction mix- 

, t ~ ~ r e s  into aqueous sodii~m chloride. The products from Expts. I and 2 both 
/ melted a t  113-114°C. The  product from Expt. 3 was very impure, but a single, 

crystallization from acetone showed that it was partly I-methoxy-2-clzloro- 
~nercuricyclohexane, n1.p. 112-114°C. 

Reaction of Cyclolzexene with Aqueous Mercuric Nitrate - Nitric Acid Solution 

A solution of 81.2 gin. (0.25 mole) of mercuric nitrate and 15.7 ml. (0.25 
mole) of 70% nitric acid in 500 ml. of water was treated with 25 ml. of freshly 
purified cyclohexene containing only a trace of peroxide. After three minutes' 
shaking less than half the cyclohexene remained; there was no separate phase 
after six minutes. 'l'he odor of cj~clolzexene prevailed thro~ighout the'reaction. 
No difference in results was obtained when the reaction was carried out under 
nitrogen. At the end of 20 min. a test portion, removetl, extracted with ether, 
and treated with aqueous sodiii~n chloride precipitated mercurous chloride 
equivalent to 0.1 of the original mercur,y content. The  ether extract gave.a 
positive carbolzyl test with dinitrophenylhg-draziize. 

A separate phase separated after four hours. After 16 hr. the reaction mixture 
was distilled under 15 nzm. pressure into an ice-cooled receiver and then into 
a trap cooled by dry-ice. The  aqueous residue (200 rul.), containing an  oily 
phase, was twice extracted with 30 ml. portions of chloroform. A test of the 
extracted aqueous residue with alkali did not indicate any mercuric ion. Treat- 
ment with 60 ml. of saturated aqueous sodium chloride gave a white precipitate 
which was filtered, washed with methanol, and when vacuum dried, weighed 
52.8 gm. Since this solid was shown to be pure nlercurous chloride by test with 

I alkali and by its X-ray diffraction pattern it  represents 89.5y0 of the total 1 
mercury introduced into the reaction. The  methanol used to wash the white 
precipitate was diluted with water and nitric acid, and then was treated with 
hydrogen sulphide. The  mercuric sulphide which precipitated was washed with 
methanol. Its weight, 5.83 gm., represents 10yo of the mercury originally used. 
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I t  weighed 0.25 gm. and melted a t  123.5-124.5"C. When crystallized trom hot 
05% ethanol i l  melted a t  128.5-12g0(:. IVhen 70 mgm. of this compound was 
boiled with an equal amount of 2, 4-clinitroplie~iylliyd~-azine in ethanolic h>.tlro- 
chloric acicl it formed the 2, 4-clinitrophen~~lliyclrazone of form?;lcyclopcntane, 
m.p. IG3-1G4°C. after cr~.stallizntion from boiling ethanol (30 ml. per gnl.). 
Calc. for Cl2H1.iN4O4: C,  51.9; H, 5.03; N, 20.1%. Found: C ,  51.8; H ,  3.07; 
N ,  19.970. 

The content of the dry-ice trap used in tlie vacuum distillation nlas dried 
with magnesium sulphate and clistilled. The  fraction, b.p. 81-83°C. weighed 
0.2 gm. I t  was proved by methox!.mercuration to  be pure cycloliesene, ~ ~ h i c l i  
thus constitutes a 45% recovery of this starting material. The residue trom this 
distillation was combined with the ether - petroleum ether liquors from u hich 
the solid, m.p. 124"C., was obtained, and also with an eiher extract (dried with 
magnesium sulphate) of the aqueous distillate from tlie vacuum distillation. 
The  accuniulated oil was distilled to  !,ield 4.45 gni., blp. 80-81°C. (124 mni.), 
dao 0.032, ng 1.4428 and 0.8 gm. boiling approximately a t  65OC. (8 mm.), 77: 

1.4,563. The first fraction, evidently formylcyclopentane, represents 37'7; of 
the cyclohexene consumed. The higher boiling fraction was redistilled a t  215- 
21G°C., corr., nL0 1.4532. Since theseconstants conform with those reported for 
cyclopentanecarboxylic acid, the crude yield is 5.6%. 

The  formylcyclopentane was redistilled, b.p. 133-134OC., ng 1.44211, d i O  
0.027. A portion was converted t o  the semicarbazone in 60% yield, m.p. 123- 
123.5"C. after crystallization from water. A third portion of the aldehyde was 
treated with 2, 4-dinitrophenylhydrazone in aqueous-ethanolic sulphuric acid. 
I t  yielded a dinitrophenylhydrazone the melting point of which was not de- 
pressed by admixture with the derivative described above. 

2,  4, 6-Tricyclopentyl-1, 3, 5-triorane 

When 0.01 gm. of 85% phosphoric acid was allowed to  flow into 0.20 gm. 
(0.002 mole) of forrnylcyclope~ltane solidification commenced a t  the interface. 
After two hours the solidification was complete. The solid was crystallized 
from boiling ethanol (25 ml. per gm.), m.p. 122.4-122.7OC., wt., 0.13 gni., or 
G57; of the theoretical yield. Recrystallization from the same solvent raised 
this melting point t o  128-12g°C. A mixed melting point with the solid coni- 
pound ol~tained from the oxidation reaction was not depressed. T h e  molecular 
weight determined by the Rast method initially gave a value of 292 (calculated 
294) but  this number decreased t o  204 after repeated melting. Analysis in the 
micro-Kohler machine with methylmagnesiun~ iodide showed absence of active 
hydrogen and carbonyl groups. Calc. for C1BHaoOa: C ,  73.5; H,  10.2y0. Found: 
C ,  73.5; H,  10.370. 

Reaction of Cyclohexene in Carbon Tetrachloride wi th  Mercuric Nitrate and Nitr ic  
Ac id  in Water  

A 250 ml. separatory funnel fitted with a sleeve-sealed stirrer was filled with 
25 rnl. of carbon tetrachloride and 200 ml. of water containing cyclohexene, 
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mercuric nitrate, ancl nitric acid in concentration shown in Table 11. The re- 
. maining air-space was negligible ancl results were identical when the funnel 

had previously been swept with nitrogen. After one hour of violent stirring the 
nonaqueous layer was drawn olf together with a small amount ot mercurous 
chloride. The aqueous layer was run into centrifuge jars containing 100 ml. of 
saturated aqueous sodium chloride. After 10 min. the centrifugate was filtered 
and the white precipitate washed with methanol until it no longer gave a test 
for nlercuric chloride. I t  was then dried a t  110°C. and weighed. 

Absorption of Cyclolzexene b y  Aqz~eous  iVIercuric Acetate 

T o  a solution of 3.16 gnl. (0.01 mole) of ~nercuric acetate in 250 ml. water 
a t  25°C. was added 1 ml. (0.01 mole) of cyclohexene. 'The whole was shal<en 
for 13 min., until the cyclohexene layer d!sappeared. The liq'uor was poured 
into 50 ml. of saturated aqueous sodiunz chloride. The 1-hydroxy-2-chloromer- 
curicyclohexane which precipitated weighecl 2.1 gm. or 63% of the theoretical 
amount. 

The experiment was repeated except that the volume of 250 nil. was mad 
up from water and 5.7 ml. (0.1 mole) of acetic acid. Thirty minutes of shaking 
elapsed before the nonaqueous phase disappearecl. The yield of l-hydroxy-2- 
chloron~erc~~ricyclohexane was 1.67 gm. or 50Yo of theoretical. 111 neither case 
was more than a trace of mercurous salt detected. In either reaction mixture 
the amou~lt  of product remaining in the aqueous solution was found to be 
23-25y0 of that actually isolated. 

Aqueous Mercz~ric  Salts wi th  Cyclohexene 

When 1 ml. of cyclohexene was shaken for 24 hr. with 50 ml. of an aqueou 
solution 0.16 molar both in mercuric chloride and hyclrochloric acicl less t 
1% of the cyclohexene was absorbed. This behavior was the same when 
acid concentration was increased to 1.6 N. The absorption of 1 ml. of cyc 
hexene was likewise not measurable in 100 ml. of 0.08 molar aqueous mercuric 
chloride without any acid. 

When the turbid solution of 6.50 gm. (0.02 mole) of mercuric nitrate in 50 
ml. of water was shaken over five minutes with 1.6,ml. (0.02 mole) of cyclo- 
hexene the solution~gradually became clear but only 35% of the cyclohexe 
layer disappeared; after 10 min. solution was complete. After 20 min. the solu 
tion was poured into aqueous sodium chloride and the mercurous chlorid 
filtered off, washed with water, methanol and ether. I t  weighed 0.75 gm. o 
16yo of the theoretical yield for complete reduction of the mercuric salt. 

When 8.2 gm. (0.1 mole) of cyclohexene was shaken for 10 min. unde 
nitrogen with a solution of 28.06 gm. (0.1 mole) of mercurous nitrate in 6.3 m 
(0.1 mole) of 70y0 nitric acid and 100 ml. of water a precipitate of mercury bega 
to appear. There remained (3.06 gm. of cyclohexene or 74% of th& origi 
amount. When this experiment was repeated with inclusion of 0.1 equival 
of mercuric nitrate the precipitation of mercury was hindered for about 
hour, and only 20% of the cyclohexene mas absorbed. 

- 
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